Introduction
Impairment of proprioception is associated with conditions and diseases such as Parkinson's disease, stroke, peripheral neuropathy, and diabetes and a number of nerve-based injuries such as carpal tunnel syndrome. It is well known that when applied to tendons vibration stimulates afferent Ia-muscle spindles, resulting in a kinesthetic illusion that can produce joint position errors [1] [2] [3] [4] . Utilization of tendon vibration in rehabilitation programs has shown promise because the vibration illusion is independent of motor ability [5] [6] [7] [8] [9] . Several studies have reported improved performance resulting from vibration-based therapy [7] [8] [9] [10] . The ability to effectively perform in multiple sensory conditions has been labeled as "duel adaptation" [11] . This type of adaptation can be induced by repeatedly adapting and readapting to different sensory environments, in this case with and without sensory input induced by vibration. Because of its potential for use in sensory and motor rehabilitation, it is necessary to understand effects of longterm use of tendon vibration, such as adaptation and learning, and any possible detrimental effects resulting from vibration-based therapy.
The purpose of the present study was to determine if it is possible to learn a joint matching task while training with vibration. It was hypothesized that healthy participants training with vibration would improve their elbow joint position accuracy despite being exposed to disruption via tendon vibration. This would be confirmed by a reduction in elbow joint position error during vibration exposure, suggesting the previously disruptive afferent input can be integrated in such a way that learning can occur. The ability to learn to accurately position the limbs in the presence of disruptive proprioception in a healthy population would support the concept of duel adaptation and may provide insights that can be incorporated into sensorimotor rehabilitation training programs for clinical populations.
Methods and materials

Subjects
Twenty healthy adults (12 females and 8 males, mean age ± SD: 22.4 ± 2.9 years) voluntarily participated in this study. Exclusion criteria included history of upper limb injury within the past year of the study, upper limb surgery or neurological disorders such as Parkinson's disease, peripheral neuropathies, or stroke. All participants read and signed the informed consent form, which was approved by the Committee for the Protection of Human Subjects (CPHS) at the University of Houston.
Equipment
Vibration was applied unilaterally, on the left biceps brachii tendon at a frequency of 80 Hz (VB 115, Techno-concept, Cereste, France). A stimulation frequency of 80 Hz is within the range of vibration known to preferentially stimulate muscle spindles [12] [13] [14] . While seated, participants placed their forearms into two vertical kinethesiometer devices (Lafayette Instrument Company, Lafayette, Indiana), which measure angles to the nearest degree, placed shoulder width apart on a tabletop.
Procedure
All training sessions were conducted at the University of Houston. Participants completed five one-hour training sessions over a threeweek period, at approximately the same time each day. Each training session consisted of three phases, 10 pre-test trials, 50 training trials, and 10 post-test trials. An overview of the training session protocol can be found in Figure 1 .
While blindfolded, participants performed an elbow anglematching task while wearing a vibrator on the biceps insertion tendon of the left arm. For each trial, the participant's right arm was passively moved to 55° by the experimenter. Participants were then asked to match their left arm to the angle of the right arm. The experimenter recorded the angle of the left arm following visual inspection once participants ceased movement of their arm and signified verbally that they believed to have matched the angle. During training, after each trial participants received verbal feedback informing the direction and magnitude of the left elbow angle error in relation to the target angle of 55°. Participants were randomly assigned to one of two groups: a control group (6 females and 4 males, 21.9 ± 1.0 years) and a treatment group (6 females and 4 males, 22.9 ± 0.82 years). Those in the control group performed all training trials without vibration, thus the vibrator on the biceps tendon was not activated ("off "). Those in the treatment group performed all training trials with the vibrator activated at the start of each trial ("on"). Pre-and post-tests were the same for both groups. Pre-and post-tests were conducted under two conditions, five trials with vibration "off " and five trials with vibration "on". The nonvibration pre-test was always conducted before the vibration pre-test. For the post-tests, the order was randomized to limit any potential bias towards the post-test condition similar to the participant's training condition.
Data
Absolute error was calculated using the differences between the right arm target angle (55°) and the matched angle of the left arm for each trial. Absolute error is the magnitude of the difference between the target angle and matched angle regardless of the direction of the error, and is used to represent the accuracy of elbow joint position.
Statistical Analysis
Statistical analyses were performed using SPSS (IBM Corp. Released 2016. IBM SPSS Statistics for Mac, Version 24. Armonk, NY: IBM Corp.) A mixed model repeated measures ANOVA (RM-ANOVA) was performed to determine differences between training Groups (control and treatment), under two vibration Conditions (non-vibration ("off ") and vibration ("on")) at two points in Time (pre-test and post-test). Paired t-tests were conducted to compare absolute error in each testing condition before and after training, for both training groups. Statistical significance was set a priori at p < 0.05.
Results
A significant main effect of Condition was found (F (1,16) = 6.255, p < 0.05), such that the non-vibration Condition ("off ") (AE = 4.201 ±0.306) was associated with significantly less mean absolute angle error compared to the vibration Condition ("on") (AE = 6.378 ± 0.786). No significant Group main effect was found (F (1,16) = 0.392, p = 0.540) indicating both groups experienced the kinesthetic illusion when experiencing vibration. A significant main effect of Time was found (F (1,16) = 8.752, p < 0.01). When collapsed over group and condition, the pre-test had a mean absolute angle error of 6.288 ± 0.551 with the posttest absolute error being 4.29 ± 0.506 (Figure 2 ).
There was a significant interaction between Condition and Group (F (1,16) = 11.356, p < 0.005). When collapsed over Time, the Control group had larger mean absolute angle error when experiencing vibration (AE = 8.100 ± 1.048) than in the no vibration condition (AE = 2.990 ± 0.408). A paired t-test revealed that there was a significant increase in AE in both the pre-and post-test when the Control group received vibration (Vibration Pre-test AE = 9.620 ± 5.170; Vibration Post-test AE = 6.580 ± 4.373) compared to when they received no vibration (No Vibration Pre-test AE = 4.120 ± 2.561; No Vibration Post-test AE = 1.860 ± 0.499; Pre-test: t (9) = 2.823, p < 0.05; Post-test: t (9) = 3.628, p < 0.01), see filled circles in Figure 2A and B. In contrast, when collapsed over Time, the Treatment group displayed no change in AE when exposed to vibration (AE = 4.656 ± 1.171) compared to no vibration (AE = 5.413 ± 0.456). The results of the paired t-test indicated that the pre-test vibration AE was significantly greater than during no vibration pre-testing (Vibration Pre-test AE = 7.410 ± 3.697; No Vibration Pre-test AE = 4.850 ± 2.127; t (9) = 2.210, p < 0.05). However, during post-testing, the opposite effect was found with decreased AE being observed with vibration relative to no vibration (Vibration Posttest AE = 2.563 ± 1.398; No Vibration Post-test AE = 6.163 ± 3.299; t (7) = 2.928, p < 0.05), see open squares in Figure 2A and B.
There was also a significant Condition x Time interaction (F (1,16) = 6.117, p < 0.05). Collapsed over both treatment groups, when tested with vibration, mean absolute angle error was significantly reduced post-test (AE = 4.571 ± 0.808), compared to pre-test (AE = 8.185 ± 1.029). When tested without vibration, mean absolute angle error did not significantly change post-test (AE = 4.011 ± 0.525) compared to pre-test (AE = 4.391 ± 0.564). However, paired t-tests revealed that when tested with vibration the Treatment group displayed a significant decrease in AE during the post-test compared to the pre-test (Pre-test AE = 6.589 ± 2.791; Post-test AE = 2.611 ± 1.315; t (8) = 3.447, p < 0.01). The decline in absolute error when tested with vibration shows that those in the Treatment group learned while training with tendon vibration. Conversely, the Control group displayed no change during post-testing with vibration relative to pre-testing with vibration (Pretest AE = 9.620 ± 5.170; Post-test AE = 6.580 ± 4.373; t (9) = 2.158, p = 0.059), see right side of Figure 2A and B. Additionally, paired t-tests revealed that the Treatment group performed equally as well when tested without vibration pre-and post-training (Pre-test AE = 4.663 ± 2.116; Post-test AE = 6.163 ± 3.299; t (7) = 0.885, p = 0.406). On the other hand, when tested without vibration the Control group displayed a significant decrease in AE during the post -test compared to the pretest (Pre-test AE = 4.120 ± 2.562; Post-test AE = 1.860 ± 0.499; t (9) = 2.563, p < 0.05), see left side of Figure 2A 
Discussion
With the increased use of technology in sensorimotor rehabilitation programs, it is necessary to understand the effects of long-term use of tendon vibration on motor adaptation and learning. The purpose of the present study was to examine the changes in elbow joint proprioceptive accuracy from training with unilateral bicep tendon vibration.
The combination of the significant Condition x Group and Condition x Time interaction effects support our main hypothesis that individuals can improve their performance as a result of training with tendon vibration when they are tested using vibration after training. After training, elbow joint position accuracy was improved in the vibration treatment group when compared to the control group during the posttest with vibration. The vibration treatment group was more inaccurate than the control group during the posttest without vibration. However, there were no differences in this group between pre-and posttraining when tested without vibration. The control group displayed no difference between pre-and post, when testing with vibration. However, when tested without vibration they showed significant improvement relative to their pretest performance. Additionally, the control group's performance was significantly superior to that of the vibration treatment group when tested without vibration after training. Overall, both groups improved their performance in the condition in which they trained. Because the non-vibration error was not significantly affected in the vibration treatment group, this suggests that vibration training is not detrimental to proprioceptive position sense when performed without vibration.
These results suggest that participants in the vibration treatment group were effectively able to integrate altered (vibration induced) muscle spindle information to enhance their joint matching performance. These results can be interpreted to suggest that our vibration treatment group had become duel adapted in that they were able to effectively perform in the altered sensory environment induced by tendon vibration. Conversely our control group displayed no ability to effectively perform in this environment. Additionally, training with altered proprioception did not negatively impact performance without vibration, suggesting these subjects could effectively switch between sensory environments without performance detriments, thereby supporting the dual adaptation argument. With respect to our findings, we speculate that individuals undergoing vibration training could retain their dual adaptation as well. Future studies could further explore retention of altered muscle spindle information integration.
Overall, absolute angle error was reduced significantly with training, regardless of training treatment. This is not unexpected, as practice generally results in improved performance. The lack of a significant Group x Time interaction effect also supports that both groups improved with practice. At pre-test, absolute angle error was significantly larger when participants were exposed to vibration. This signifies the presence of the desired kinesthetic illusion induced by 80 Hz vibration in both groups, resulting in greater error and uncertainty in elbow joint position than without vibration prior to the start of training. This is consistent with numerous studies that have reported a kinesthetic illusion of muscle lengthening when vibration is applied to the tendon resulting in proprioceptive errors [1, 2, 14, 15] .
Previous studies have found mixed results on the benefits of vibration for joint position sense. A study by Tripp, Faust & Jacobs found 15 Hz vibration applied indirectly via a vibrated handheld device improved elbow joint position performance [16] . However, Chelette & Layne found the same frequency of vibration applied directly to the quadriceps tendon did not significantly improve knee joint position sensitivity [17] . These studies however applied low frequency vibration while our study applied 80 Hz, aiming to induce a kinesthetic illusion. Also, these previous studies only involved single sessions of joint position sense training with vibration. It is possible that multiple exposures to the disruptive proprioception are necessary to learn to integrate the input in a way that can lead to learning and dual adaptation.
Use of tendon vibration in clinical populations has been effective in improving functional performance [7, 9, 10, 18, 19] . Our findings show that with practice, a normally disruptive stimulation can be integrated to be beneficial and improve proprioceptive awareness. These results also provide evidence for the ability to create a dual adaptation to altered proprioceptive feedback. Participants were able to retain and switch between multiple adaptation models (no vibration and vibration). A similar adaptation may occur in clinical populations training with tendon vibration for rehabilitation purposes. The ability to integrate altered afferent information is promising for current and future sensorimotor rehabilitation programs and devices involving tendon vibration.
A potential limitation of our study is the risk of habituation. A continuous stimulus can result in habituation, leading to a lesser perception of the illusion over time. This risk however, is minimal in our study because vibration was turned off in between trials, with rest periods between blocks. Also, the vibration stimulus was turned on only for short amounts of time, just long enough for participants to "match" their arm to the perceived angle. Another limitation of our study is the amount of exposure the control group received to vibration. Due to the design of the study, those in the control group experienced vibration at ten instances, pre-test and post-test for each session, resulting in a total of 50 total trials of exposure (compared to 300 total vibration trials for the vibration treatment group). This amount of exposure could have potentially reduced the training effect between the two treatment groups. The control group essentially received a small amount of training with vibration and indeed, by the end of the five sessions, the control group did reduce their error during the vibration condition compared to pre-test values. However, when compared to their post-test non-vibration error they remained impaired.
Conclusion
In conclusion, upon completing a five-session long training program with 80 Hz vibration of the biceps tendon, participants could effectively integrate altered afferent information to improve accuracy of an elbow joint positioning task. Elbow joint position accuracy improved overall with training regardless of training treatment but those training with vibration improved significantly more. Additionally, this learned skill did not negatively impact performance with unaltered information suggesting those who trained with vibration were dually adapted to both sensory environments.
